Here we present the synthesis and characterization of a hybrid vanadium-organic coordination polymer with robust magnetic order, a Curie temperature T C of $110 K, a coercive field of $5 Oe at 5 K, and a maximum mass magnetization of about half that of the benchmark ferrimagnetic vanadium(tetracyanoethylene) $2 (V$(TCNE) $2 ). This material was prepared using a new tetracyanosubstituted quinoidal organic small molecule 7 based on a tricyclic heterocycle 4-hexyl-4H-pyrrolo[2,3-
Introduction
Metal-organic hybrid magnetic materials have the potential to contribute to the realization of spintronics, 1 a fast-developing technology where the spin of the electron, not its charge, carries information. Vanadium tetracyanoethylene (V$(TCNE) x ; V ¼ vanadium, TCNE ¼ tetracyanoethylene, x $1.5-2), a room temperature organometallic semiconducting ferrimagnet, is the most widely studied material in the class of the V$(ligand) x family of molecular magnets. 2 The application of V$(TCNE) x as a spin injection/detection layer in hybrid devices 3 and demonstration of material suitability for high-quality magnonic circuits 4, 5 indicate that metal-organic hybrid materials are competitive with traditional inorganic magnetic materials. Further, the air-sensitivity common to metal-ligand materials can be addressed by encapsulation, 6 directly enabling their use in devices that operate under ambient conditions. The molecular designs for the organic ligands previously investigated in the preparation of hybrid vanadium-based magnetic materials can be divided into three major classes 7 ( Fig. 1): (1) acyclic polycyanoalkenes I, e.g. TCNE, 2 hexacyanobutadiene, 8 methyl tricyanoethylenecarboxylate 9,10 and ethyl tricyanoethylenecarboxylate 11, 12 and several larger sized derivatives Ie-h containing substituted benzenes; 13, 14 (2) quinoidal systems, e.g. tetracyanoquinodimethane (TCNQ) IIa and its substituted analogues IIb-f, 15 and N,7,7-tricyanoquinomethanimine III; 16 (3) polycyano-substituted aromatic one-ring systems IV, e.g. tetracyanobenzene (TCNB), 17 tetracyanopyridine, 18 tetracyanopyrazine. 19 The discovery of magnetically ordered vanadium-organic hybrid materials using a,a 0 -dicyanoperuorostilbene Id 13 provided evidence that relatively large ligands can be used for construction of new hybrid materials; however, the majority of the previously examined ligands are small in size. The choice of the material preparation method of vanadium-organic coordination polymers has impact on the composition, quality, and magnetic properties of the materials. Physical vapor deposition (PVD), chemical vapor deposition (CVD), and solution synthesis are typically used to prepare Vbased hybrid materials. Optimized PVD and CVD allow for the preparation of reproducible, high-quality thin-lms of the solvent-free material. 20 Solution synthesis oen results in solvent inclusion, which impacts composition and magnetic properties of the hybrid material, 13, 21 though it is a fairly straightforward method that allows for fast preparation of the bulk material using standard techniques and serves as an effective tool for preliminary investigation of magnetic properties of novel hybrid materials.
In order to expand the chemical library of ligands used in hybrid magnetic materials, here we synthesize a new tetracyanoquinoidal ligand, 7, based on the tricyclic core 4-hexyl-4H-pyrrolo [2,3- 
. 22 Single crystal structures of two intermediates and ligand 7 were studied by X-ray diffraction analysis. To gain insight into the electronic characteristics of 7, density functional theory calculations (DFT) calculations were carried out and the results compared with those for several ligands that were previously explored in a preparation of hybrid magnets, as well as closely related quinoidal systems 23, 24 based on the tricyclic cores dithieno[3,2-
We then examine the reaction of 7 with V(CO) 6 as a vanadium precursor in dichloromethane, and investigation of the magnetic properties of the V$(ligand 7) x hybrid material 8 indicates a presence of robust magnetic ordering.
Results and discussion

Preparation and characterization of the ligand (7) and Xray analysis
A six-step synthesis of the target ligand 7 begins with commercially available 2-bromothiazole 1 (Scheme 1). Dibromo-2,2 0 -bis(triisopropylsilyl)-5,5 0 -bithiazole (3), a key intermediate for the cyclization reaction, was prepared as described previously. 
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optimized reaction conditions. Buchwald-Hartwig amination of dibromide 3 with hexylamine using anhydrous toluene as a solvent at 170-175 C in a pressure vessel 26 improved the yield of 4 up to 45% in comparison with 13-31% yield previously observed for an open vessel reaction using boiling mesitylene as a solvent. 22 The introduction of iodine functional groups was achieved in good yield of 63-78% by a reaction of C 6 -PBTz (5) with N-iodosuccinimide (NIS) in anhydrous N,N-dimethylformamide (DMF) at room temperature. The Pd-catalysed reaction of diiodo-C 6 -PBTz (6) with deprotonated malononitrile followed by oxidative work up with bromine water proved to be a challenging step on a gram scale, and the best result was obtained on a small scale when $350 mg of diiodide 6 with 50% catalyst load were used. The target ligand 7 was isolated as a dark coloured solid (its solution in dichloromethane is redwine coloured, Fig. S7 (Fig. S3 †) by slow removal of dichloromethane or chloroform. The renement details and structural parameters from the single crystal X-ray analyses of intermediates 5 and 6 and ligand 7 are summarized in Table S1 . † Compound C 6 -PBTz (5) crystallizes in the monoclinic space group Cc with one molecule per asymmetric unit (Fig. 2) . The hexyl chain in this molecule is perpendicular to the tricyclic core with dihedral angle of 89.83 (6) . The dihedral angle between the two thiazole rings is 1.7(1) indicating a nearly planar tricyclic core. This analysis is consistent with recently published results. 27 Analysis of the crystal packing in 5 reveals the existence of two short intermolecular contacts, N(1)/S(2) (3.109(5)Å) and N(3)/S(2) (3.083(5)Å), which link molecules into layers parallel to the ab plane (Fig. 2b) .
The diiodo-derivative 6 crystallizes in the monoclinic space group Cm with two independent molecules per asymmetric unit with a practically at tricyclic core (Fig. 3) . In a crystal of the compound 6 one of the independent molecules occupies a special position in the unit cell and forms short intermolecular contacts with two other molecules: I(1)/I(1B)/I(1A)/I(1AA) with distance of 4.008(5)Å and I(1)/I(1B)/N(1A)/N(1AA) with distance of 3.007(5)Å (Fig. 3b) .
The mutual orientation of the molecules in the crystal of 6 leads to the formation of another set of intermolecular contacts: I ( (5)Å. These close contacts link molecules into a threedimensional framework (Fig. 4) .
Compound 7 (Fig. 5a ) crystallizes in the triclinic space group P 1 with four crystallographically-independent molecules that have different geometry of the hexyl side chain per asymmetric unit (Table S1 and Fig. S5 †) .
Similar to compounds 5 and 6, the tricyclic core is nearly planar in all four molecules of 7 with values of dihedral angles between the two thiazole rings ranging from 1.34(1) to 2.98 (1) .
The deviations of dicyanomethylene groups from the nearly planar cores of the molecules are in the range between 3.0(2) and 11.7(2) , which does not preclude a possibility of conjugation through these molecules. Analysis of the crystal packing revealed the existence of short intermolecular contacts linking molecules into pairs ( Fig. 5b and Table S2 †). The other contacts C(2)/N(7C) 3.006(2)Å and S(1A)/N(6B) 3.325(2)Å link such pairs of molecules together in the crystal (Fig. 5b) . Density functional theory (DFT) calculations were carried out by means of the optimally tuned (OT) long-range corrected (LC) uPBE (OT-LC-uPBE) 28, 29 functional and the cc-PVDZ basis set, 30, 31 as implemented in the Gaussian16 soware suite, 32 to examine the electronic, redox, and optical properties of 7 (here, we investigate L7-methyl where the hexyl chain of 7 is truncated to a methyl group to reduce the computational cost). Normal modes of all optimized geometries were evaluated to assess whether the geometries represented minima on the potential energy surface. The range separation parameter, u, was optimized through the non-empirical ionization potential (IP)-tuning procedure;
33,34 the u for each system investigated is provided in Table 1 . We note that the assessment of the electron affinity (EA) of TCNQ via DFT methods has been a topic of interest in the literature, and it has recently been shown that non-empirically tuned LC functionals provide reasonable EA assessments for this and related molecules.
35,36
In general, the geometric parameters determined for neutral L7-methyl are in good agreement with the crystallographic data 24 Incorporation of electrondecient thiazole rings in lieu of thiophene in DTP or selenophene in DSP is expected to positively shi the reduction potential for ligand 7 by $200 mV, based on observations for like tricyclic systems. 37 OT-LC-uPBE/cc-PVDZ calculations for DTP (9) and DSP (10) derivatives (chemical structures are shown in Fig. S4 †) , each with known electrochemical and UV-vis absorption properties, were carried out for direct comparison. The EA of L7-methyl is 0.38 eV larger than the DTP derivative 9, conrming that the thiazole-based ligand 7 is expected to be a strong acceptor. Both the HOMO and the LUMO in the tricyclic systems L7-methyl, 8, and 9 are delocalized across the pconjugated backbones (Fig. S6 †) , with only marginal impact on the frontier molecular orbital energies and the band gaps upon substituting the sulphur atoms in 9 with selenium atoms in 10, a result consistent with experimental electrochemical and UVvis absorption properties. 24 
Synthesis and characterization of hybrid material 8
With the expected reduction potential of 7 at around À0.2 to À0.4 V vs. Cp 2 Fe 0/+ , which is comparable to that of TCNE (halfwave reduction potential of À0.28 V vs. Cp 2 Fe 0/+ in acetonitrile 38 ), a facile reaction of 7 with vanadium hexacarbonyl V(CO) 6 was expected. Indeed, a red-wine coloured solution of ligand 7 quickly changed its colour to dirty-brown during a dropwise addition of a freshly prepared bright yellow solution of V(CO) 6 in dichloromethane, and a dark-coloured precipitate of 8 formed aer several minutes (Fig. S7 †) . 20.93 ). The magnetic properties of the hybrid material 8 were investigated by exploring the eld-and temperature-dependent magnetization from 5 to 300 K. In the zero eld cooled (ZFC) experiment, the magnetization increased on warming from 5 K and reached a broad maximum at 45-60 K, followed by rapid decrease. In the eld-cooled (FC) experiment (10 Oe eld), the magnetization only slightly decreased from 5 K to 60 K with a maximum magnetization observed at 5 K (Fig. 6) . Qualitatively the observed behaviour of 8 is similar to that of the vanadiumtetracyanobenzene hybrid material. 17 The tting parameter b for temperature-dependent magnetization using the equation
) for two samples of 8 was extracted from the data (Fig. S8 †) , and the best t was found for b ¼ 0.0115 and 0.0105 K À3/2 . This parameter yields T C of 110 K and 115 K, respectively (magnetization vanishes at around 130 K). Fielddependent magnetization measurements were carried out at 5 K (Fig. 7) , and 50 K and 100 K (Fig. S9 †) (for a second independently prepared sample M(T) curve is shown in Fig. S10 † and M(H) curves at 5 K, 50 K and 95 K are shown in Fig. S11 and S12 †). From the saturation magnetization measurements at 5 K (7.8 emu g À1 ) (Fig. 7) , at 50 K (6.0 emu g À1 ) and at 100 K (3.1 emu g À1 ) (Fig. S9 †) , the tting parameter b of 0.01065 appears to
give the best t and is comparable to b estimated from the M(T) curves ( Fig. 6 and S8 †) . This run to run variation is well within the variability typically observed in this class of materials prepared using solution synthesis, and the agreement to within less than 5% of T C further supports the presence of a magnetic moment arising from ferrimagnetic order. At 5 K a rapid increase of magnetization was observed with increasing eld to 100 Oe. Further increase of the eld up to 600 Oe resulted in a very slight almost linear increase of magnetization up to 7.8 emu g À1 (for comparison, V(TCNE) $2 $(CH 2 -Cl 2 ) $0.5 has mass magnetization of 17.1 emu g À1 ). 39 The saturation mass magnetization of material 8 at 5 K is in the range of 7.8-8.4 emu g À1 . This value is about 45-49% of that of the benchmark V(TCNE) $2 ferrimagnet (17.1 emu g À1 ), while the molar magnetization exceeds that of V(TCNE) $2 considering Table 1 Select frontier molecular orbital (MO) energies, ionization potential (IP), and electron affinity (EA) as determined at the OT-LC-uPBE/cc-PVDZ level of theory. All energies are in eV. The tuned u parameters for the OT-LC-uPBE functionals are also provided for reference a At the OT-LC-uPBE/cc-PVDZ level of theory, the optimized geometry of the TCNB cation resulted in one negative frequency at À292 cm
À1
. Multiple attempts to overcome this negative frequency were unsuccessful. Tests with different functionals and at the HF/cc-PVDZ level of theory suggest that it is the amount of Hartree-Fock (HF) exchange in the functional that leads to the non-minimum structure.
that the molecular weight of the ligand 7 is 3.3 times larger than that of TCNE. The small coercive eld of about 5 Oe at 5 K indicates that material 8 is a so ferrimagnet.
Experimental details
V(CO) 6 into chloroform and spotted directly on to a stainless-steel plate before MS analysis. Preparation of the hybrid material was performed in the nitrogen glovebox (<5 ppm O 2 ). Superconducting quantum interference device (SQUID) was used for determination of the eld and temperature dependence of magnetization of the bulk samples.
X-ray data for compound 5 was collected at 220(2) K on a Bruker SMART APEX2 CCD-based X-ray diffractometer equipped with a low-temperature cryostat (Oxford Instruments) and a Mo X-ray tube (l ¼ 0.71073Å). Data collection, indexing, and initial cell renements were carried out using APEX2, 42 with the frame integrations and nal cell renements carried out using SAINT. 43 An absorption correction was applied using the program SADABS.
44 Non-hydrogen atoms were rened anisotropically and all hydrogen atoms were placed in idealized positions and were rened using a riding model using ShelXL program. 45 The structure was examined using the Addsym subroutine of PLATON, in order to ensure that no additional symmetry could be applied to the nalized model.
46
Single crystal X-ray data for compounds 6 and 7 were collected using a Rigaku XtaLAB Synergy-S diffractometer equipped with a HyPix-6000HE Hybrid Photon Counting (HPC) detector and dual Mo and Cu microfocus sealed X-ray source as well as a low-temperature Oxford Cryostream 800 at 100(2) K.
Data collection strategy was calculated within CrysAlisPro 47 to ensure desired data redundancy and percent completeness. Unit cell determination, initial indexing, data collection, frame integration, Lorentz-polarization corrections and nal cell parameter calculations were carried out using CrysAlisPro. An absorption correction was performed using the SCALE3 ABSPACK scaling algorithm embedded within CrysAlisPro. The structures were solved using ShelXT, 48 all non-hydrogen atoms were rened anisotropically using ShelXL 45 and their space groups were unambiguously veried by PLATON. 46 All hydrogen atoms were attached via the riding model at calculated positions. Olex2 (ref. 49 ) was used for the preparation of the publication materials. Crystal data and renement details are summarized in Table S1 . †
Et 4 N[V(CO) 6 ]
In an oven-dried ask anthracene (56.36 mmol, 10.05 g) was mixed with anhydrous THF (120 mL) at room temperature under an atmosphere of argon. Sodium (53.62 mmol, 1.23 g, cut in pieces) was added, and colourless suspension became dark blue in colour aer several minutes of stirring. This mixture was stirred for 15.5 hours and then cooled in an ice-water bath. A red solution of VCl 3 in THF (prepared in a separate ask by mixing VCl 3 $(THF) 3 (12.47 mmol, 4.60 g) with anhydrous THF (120 mL) at room temperature and stirring for 15 hours under argon atmosphere) was added in portions to a ask with sodium anthracenide using a glass syringe and a stainless-steel needle. The resulting very dark-coloured mixture (brown-grey with a hint of purple) was stirred for $11 hours and then cooled in ice-water bath. Argon atmosphere was replaced with CO, and the mixture quickly became yellow-brown in colour. The reaction mixture was slowly warmed up to room temperature overnight without removal of the cooling bath, and aer $13 hours of stirring the atmosphere of argon was introduced, and adapter for vacuum distillation was tted. About 200 mL of THF was distilled out under vacuum, and water ($200 mL, degassed by bubbling nitrogen for 1-2 hours) was added to the darkcoloured residue. The ask (under reduced pressure) was transferred to nitrogen glovebox, the dark-coloured mixture was ltered twice, the solid was washed with additional amount of water ($150 mL), and the yellow ltrate was added to a colourless solution of Et 4 NBr (61.85 mmol, 13 g) in $30 mL of degassed water. Yellow precipitate was separated by vacuum ltration, and dried (2.0 g, 46% yield). Lower yields of the product were observed for two other runs on similar scale without any obvious reason. t Bu (7.5 eq., 60.0 mmol, 5.77 g) under nitrogen atmosphere. Anhydrous toluene (20 mL) and n-hexylamine (8.0 mmol, 0.80 g) were added, the pressure vessel was sealed, and resulting mixture was stirred at 170 C overnight. The mixture was cooled to room temperature, treated with water, and organic matter was extracted with hexanes several times. The solvents were removed from combined organic phases, and the crude product was puried by column chromatography (silica gel, hexanes, then hexanes : dichloromethane (10 : 1) as eluant). Product 4 was obtained as yellowish solid in 45% yield (2.0 g). 1 H NMR and 13 C{ 1 H} NMR analyses were consistent with the previously published data. (2.1 eq., 2.29 mmol, 0.52 g) and anhydrous DMF (10 mL), and the mixture was stirred at room temperature under nitrogen atmosphere overnight. The mixture was treated with water, and organic matter was extracted with dichloromethane. Combined organic phases were subjected to rotary evaporation, and crude product was puried by silica gel chromatography (100 mL of silica gel, chloroform as eluant). Solvent was removed from combined fractions by rotary evaporation, and the residue was heated with ethanol ($100 mL) and dichloromethane ($20 mL) until all solid was dissolved. The mixture was cooled to room temperature, then in the freezer, and the off-white solid was separated by vacuum ltration (0.35 g, 62.5% yield for two steps; 78.2% yield was obtained for a larger scale reaction using 3.65 mmol of 4 4 (1.0 eq., 0.68 mmol, 0.79 g) were added. The mixture was heated to reux for $0.5 h, cooled to room temperature, and added to bromine water ($200-250 mL). The organic phase was extracted with dichloromethane several times, and the solvent was removed from combined organic phases. Crude product was puried by column chromatography ($100 mL of silica gel, dichloromethane as eluant). Dark red-wine coloured fractions were combined, the solvent was removed and the puried product 7 was obtained as a dark solid ($100 mg, $38% yield). This material was puried by column chromatography four times prior to use in the preparation of hybrid material 8. 
Synthesis of hybrid material 8
Solution synthesis of the hybrid material 8 was accomplished by addition of bright yellow solution of V(CO) 6 ($0.038 mmol) in dichloromethane ($1 mL) to a solution of the ligand 7 (30.0 mg, 0.077 mmol) in dichloromethane (3 mL) at room temperature in a nitrogen glovebox. The red-wine coloured solution of ligand 7 quickly changed its colour to dirty-brown, and then precipitate formed. Aer about 0.5 h a very darkcoloured solid was separated by vacuum ltration (21 mg, 66% yield). Part of this sample (14 mg) was transferred to a 5 mm quartz tube, dried under vacuum using O-ring adapter in the nitrogen glovebox, and then sealed under vacuum for the SQUID measurements. The rest of the sample was transferred to the vial and was stored in the freezer (about À35 C) in a glovebox. Two more solution syntheses were carried out on a smaller scale using V(CO) 6 Combustion elemental analysis suggests V$(ligand 7) $2 $(CH 2 Cl 2 ) $0.5 as the composition of the hybrid material 8. Some discrepancy in combustion elemental analysis between two materials prepared in almost identical fashion indicates that every solution synthesis produces a slightly different material. However, the magnetic properties (Curie temperature and saturation magnetization) reproduce well for materials prepared independently using various batches of both ligand 7 and V(CO) 6 . This is consistent with the solution synthesis of V(TCNE) x , and as a consequence it is expected that moving to a thin-lm synthesis (i.e. CVD or PLD) would yield similar gains in uniformity and improvement in magnetic properties. 40 As observed with other polycyanoorganic-based vanadium coordination polymers, 8 is air-sensitive and should be stored in a sealed tube under inert atmosphere to minimize the degradation of magnetic properties, or encapsulated if synthesized in thin-lm form. The discovery of magnetic ordering in compound 8, despite the exible alkyl groups and the larger size of the ligand in comparison with majority of the previously studied organic polycyano compounds, demonstrates the suitability of the new class of tricyclic organic ligands, and potentially a large variety of other tetracyano quinoidal systems with extended cores, for the preparation of novel hybrid magnets. In addition, modi-cation of the end of the alkyl chain with a functional group might be used for the attachment of the ligand to the metal or metal oxide surface and formation of a V$(ligand)-(mono)layer. The ability to ne-tune the electronic properties by modication of the fused tricyclic core, e.g. use of selenophene 24 and thiophene-based ligands, 23, 24 and packing motifs, by choosing various alkyl chains attached to the nitrogen atom in a central pyrrole unit, opens up opportunities for better understanding of the molecular requirements for design of novel metal-organic hybrid materials with magnetic functionality.
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